R
apid and reliable methods to diagnose influenza at the point of care (POC) are highly desirable for timely therapeutic and infection control measures. At present, POC testing for influenza is performed using rapid antigen tests currently available on the market. Among these are BinaxNOW! (Binax), Directigen EZ (Becton Dickinson), and QuickView (Quidel), and these have been evaluated extensively for use on both pre-2009 seasonal influenza A and B viruses (5-7, 9-11, 13-15, 18) and influenza virus A/H1N1-pdm09 (2009 H1N1) (4, 12, 17) . These tests, typically lateral-flow immunoassays, are based on antigen detection in upper respiratory samples and can be used in out-and inpatient settings to diagnose influenza virus infection. The duration of these tests ranges from 10 to 30 min, and they typically target the conserved nucleoproteins of influenza virus A and B.
The current rapid tests have several limitations that have restricted their implementation at the bedside or in the microbiology laboratory: low clinical sensitivity and limited clinical specificity; subjective visual readout (in most cases) in case of unclear or vague bands, creating the potential for interobserver bias; and no ability to subtype influenza virus A.
The inability to subtype implies that none of the available tests can differentiate avian influenza virus A/H5N1 from circulating human seasonal strains. Therefore, in the event of an H5N1 pandemic (or emergence of any novel influenza virus subtype), health care professionals would need to rely on more complex and timeconsuming tests such as culture or reverse transcriptase PCR (RT-PCR) to identify infected patients, leading to delays in patient treatment, infection control measures, and public health responses.
In 2006, the U.S. Centers for Disease Control and Prevention (CDC) announced an award of contracts to four companies working to develop new diagnostic tests that doctors and epidemiologists could use to quickly and accurately test patients for avian influenza virus H5N1 and other emerging influenza viruses, as well as more common seasonal influenza viruses (1) . One such contract was made to Meso Scale Diagnostics, LLC (MSD; Gaithersburg, MD), for development of a multiplex in vitro immunoassay panel using monoclonal antibodies with the goal of achieving higher sensitivity than the currently available rapid tests and to subtype influenza A viruses into the prepandemic H1 (1977 H1), seasonal H3, and avian H5 subtypes.
This test was used in the United States to detect the first case of 2009 H1N1 infection to be caused by a nonsubtypeable influenza A virus, thereby alerting public health authorities and initiating further testing that eventually led to recognition of the antigenic shift and ensuing pandemic (3) .
We conducted a prospective multicenter investigational study to evaluate the performance of the MSD influenza test (POC test) in comparison to the WHO/CDC real-time RT-PCR and virus culture in detecting and differentiating influenza virus strains, including A/H1N1 (1977), A/H3N2, A/H5N1, and B, in subjects presenting with influenza-like illness (ILI) in POC settings in Asia using nasal and throat swab specimens. Any patient who presented with ILI (defined as fever [subjective or documented] and cough or sore throat), was suspected of having influenza virus infection, and had signed an informed consent form was considered eligible for enrollment. Patients who had prior nasal wash/aspirate or nasopharyngeal wash/aspirate specimens collected for routine health care purposes within the same suspected influenza virus infection episode or from whom nasal and throat swab specimens could not be collected were excluded. Enrollment was planned to continue up to a maximum of 1,500 subjects or at least until a required total number of influenza viruspositive specimens was obtained from freshly collected specimens: 30 cases of 1977 H1N1, 30 cases of H3N2, and 30 cases of influenza B. No required sample size for H5N1 was set, as this rarely causes human infections in Vietnam.
MATERIALS AND METHODS

Study
Samples. Four specimens (two nasal swab and two throat swab specimens) were collected from each subject. One nasal swab specimen and one throat swab specimen were tested on-site with the POC test; the other swabs were placed into viral transport medium (M4 collection kit; Remel, Lenexa, KS), brought to the laboratory on-site, and aliquoted for RT-PCR and viral culture. Aliquots for viral culture were stored at Ϫ80°C and shipped every 4 months on dry ice to the virology reference lab at the Hospital for Tropical Diseases, Ho Chi Min City, Vietnam.
POC test. The MSD influenza test (POC test) consists of single-use disposable cartridges and a small benchtop reader that processes the cartridges, eliminating possible intraobserver bias. The test was designed for nasal swab samples; however, throat swab samples were also included in the study to evaluate an alternative sample type (as H5N1 reaches higher viral loads in the pharynx than the nose). The test uses antibodies for influenza virus A and B nucleoproteins to identify virus type and antibodies for 1977 H1, H3, and H5 hemagglutinin to identify influenza virus A subtype. Each cartridge contains all reagents necessary to carry out the test panel, including controls that monitor the assay procedure and check reagent integrity. Electrochemiluminescence (ECL)-based immunoassays are performed using an integrated fluidic network. The tips of the swabs are inserted and snapped off in the cartridges, which are then inserted into the reader. Processing and analysis steps are fully automated, including extraction of the sample from the swab. The control results are automatically checked by the reader to ensure that the test result is valid. Results are reported for influenza A and influenza B viruses as negative or positive. If the influenza A virus result is positive, then subtype information is displayed; if H1, H3, and H5 antigens were not detected, the subtype result is reported not determined. Results are reported within 15 min. Tests were done within 1 h of specimen collection at room temperature or within 8 h if the specimens were stored refrigerated. As required by the study protocol, a positive control and a negative control were run each day before subject specimens were tested.
Reference Data analysis. The primary objective was to evaluate the performance of the POC test in comparison to virus culture and RT-PCR in detecting influenza virus A (and subtypes) and influenza virus B in nasal swabs and throat swabs. Performance was evaluated as the sensitivity and specificity of the POC test in comparison to RT-PCR and virus culture. A per patient analysis and a per sample analysis were done. In the per patient analysis, a patient is considered positive if either the nasal or the throat swab (or both) is positive and negative if both swabs are negative (or if one is negative and one has no result/failure). Patients who had failure of both swabs in the POC test were excluded, unless otherwise specified. In the per sample analysis, nasal swab and throat swab results are analyzed separately; failed POC tests were excluded from analysis (see Table 1 ).
Tests for associations between POC test sensitivity and continuous covariates (age, day of illness, and cycle threshold [C T ] value) were based on logistic regression. Data were analyzed using R (version 2.11.1; Foundation for Statistical Computing, Vienna, Austria).
Ethics. The protocol was approved by the ethics committee (EC) of each institution, the National Institute of Allergy and Infectious Diseases (NIAID) Institutional Review Board, and the Oxford Tropical Research Ethics Committee and was conducted in accordance with good clinical practice. The investigational trial was registered at clinicaltrials.gov as NCT01089816.
RESULTS
Between February and November 2010, a total of 569 patients were enrolled into the study (NHTD, 142; HTD, 78; CH1, 167; CH2, 182). The study was stopped in November 2010 before the target number of enrolled or positive patients was fully achieved because influenza virus 1977 H1N1 was no longer circulating in Vietnam and the POC test was not designed to subtype the novel 2009 H1N1 which had become dominant within the study population, whereas the target number of positive cases of influenza virus A/H3 and B had been met. At this time, virus culture attempts were also stopped; samples from a total of 173 patients had been cultured. Three patients withdrew from the study, and for 3 patients, RT-PCR was not performed. Among the remaining 563 patients, 184 were positive for influenza viruses by RT-PCR (94 For 34 patients (6%), the POC test failed to yield a conclusive result for either influenza A or B virus (failure of both nasal and throat swabs); there were 87 (15%) failures for the nasal swab and 123 (22%) for the throat swab. Failures were due to instrument failure (n ϭ 4), internal control failure (n ϭ 17), test failure (n ϭ 162), or other failures (n ϭ 27). Failures were excluded from the analysis of the performance of the POC test compared to RT-PCR or viral culture, unless otherwise specified. A flow diagram of the study is presented in Fig. 1 Per patient analysis. In the per patient analysis, a patient was considered positive if the nasal or the throat (or both) swab was positive for influenza virus A or B. Patients were treated as negative if both the nasal and throat swabs were negative for influenza virus A and B or-for the POC test-if one swab was negative and the other failed.
Overall Table 1 .
Among 73 patients positive for H3 by RT-PCR (and for whom a POC test result was available), 54 were also positive with the POC test for influenza virus A, but only 9 were correctly subtyped as H3 (less than 20% of positive patients) and 1 of these was subtyped as both H3 and H1. The performance for the other subtypes could not be determined. Among 18 patients positive for 2009 H1N1 by RT-PCR, 13 were also positive with the POC test for influenza virus A; the POC test did not have the ability to subtype 2009 H1N1 viruses, but isolates from 2 of those patients were incorrectly subtyped as H3. An additional RT-PCR/culture-negative patient was positive by the POC test for influenza virus A, which subtyped as H1 and H3.
There was no association between day of illness at sample collection and positivity rate of the POC test among RT-PCR-positive samples (P ϭ 0.93; data not shown); the positivity rate for the POC test was higher among children under age 15 years with a positive RT-PCR result (P ϭ 0.001).
Per sample analysis. In the per sample analysis, the overall sensitivity of the POC test for combined detection of influenza viruses A and B compared to RT-PCR was 73.6% (117/159) in nasal swabs and 52.4% (75/143) in throat swabs, and compared to culture, these values were 86.4% (19/22) and 61.1% (11/18), respectively, in samples where both culture and POC results were available (Table 1) . Results for influenza viruses A and B were very similar. C T values of the RT-PCR (which are inversely correlated to log viral load) were higher in throat swabs than in nasal swabs, which may provide an explanation for the large difference in their sensitivity. Sensitivity was strongly associated with C T values for both nasal and throat swabs and for both influenza virus A and influenza virus B (Table 2) . Values for specificity, PPV, and NPV were similar to those for the per patient analysis. If failures were taken into account, sensitivities dropped to 64.3% and 42.9% for nasal and throat swabs, respectively. 
DISCUSSION
Point-of-care tests with a time to result of about 15 min have been available for diagnosis of influenza for many years. Clinical and laboratory evaluation of these tests on other sample sets have shown limited sensitivities of between 50 and 80% and generally good specificity compared to virus culture or RT-PCR as the "gold standard" (4-7, 9-15, 17, 18) . For clinical practice, the CDC recommends that POC tests be relied on only to rule influenza in and not to rule it out and only in case of outbreaks or during influenza season (2) .
The MSD influenza test was developed to be more sensitive than currently available POC tests for detection of influenza viruses A and B and to be able to subtype influenza virus A, especially avian H5N1 viruses. The test takes approximately 15 min to complete and requires a reader to assess the results. We evaluated the performance of this test on 563 patients (children and adults) from whom nasal and throat swab specimens were taken and who presented with ILI to four hospitals in Vietnam. Combining the results of the two swabs resulted in a sensitivity of 74.0% (131/177) compared to RT-PCR and a sensitivity of 76.9% (20/26) compared to culture. These numbers are in the high range of reported sensitivities (50 to 80%) for POC tests that were evaluated in other studies. Specificity was at least 99% in all analyses.
There was a significant correlation between C T values of the RT-PCR and positivity rate of the POC test. Furthermore, positivity rates were higher in children than in adults, as has been reported before (9, 13, 15, 17) . The test was designed for use on nasal swabs, and, indeed, nasal swabs had a much higher diagnostic yield than throat swabs (73.6% versus 52.4%); this has also been reported for other POC tests (14) , and, furthermore, although positivity rates for RT-PCR in nasal and throat swabs were similar, median C T values in positive throat swabs were higher than those in positive nasal swabs. Combining the results of nasal and throat swabs did not change the sensitivity (74.0% versus 73.6%), but a larger number of patients were positive compared to the number when nasal swabs alone were used (177 versus 159). Sensitivities for influenza viruses A and B were similar, whereas previous POC test evaluations have reported lower sensitivities for influenza virus B (30 to 50%) than influenza virus A (6, 7, 9, 14) .
The MSD influenza test was designed to be able to subtype influenza virus A into 1977 (prepandemic) H1, H3, and (avian) H5. Among the enrolled patients were no patients with 1977 H1N1 or avian H5N1, and only subtyping of H3N2 could be evaluated. Subtyping was poor, as virus from only 9 out of 54 patients positive for H3 by RT-PCR and positive for influenza virus A by the POC test was correctly subtyped as H3. In addition, virus in two 2009 H1N1-infected patients was incorrectly subtyped as H3. The limitations of this study were that no patients with 1977 H1N1 or with avian H5N1 were enrolled and instead patients infected with a novel subtype of influenza virus A (2009 H1N1, detected as influenza virus A but not subtyped by the test) for which the test was not validated were enrolled and that-due to time and funding constraints-only a subset of samples was cultured.
In summary, the sensitivity of the MSD influenza test to detect influenza viruses was high and is in the upper range of what has previously been reported for other POC tests. The test was as sensitive for influenza virus B as for influenza virus A, whereas previous reports on other POC tests consistently showed lower sensitivity for influenza virus B. The POC test is easy to use and, unlike lateral-flow tests, does not require manual sample extraction. Drawbacks are that the test cannot be used at bedside, as it requires a reader, that there was a high number of test failures, and that subtyping-although determined only for H3-was poor and requires improvement.
